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INTRODUCTION 1
During early embryonic cleavage, blastomeres are morphologically indistinguishable, and 2 have the potential to differentiate into all cell lineages (Kelly 1977) . As development progresses 3 however, the blastomeres gradually lose their developmental plasticity, and cell lineage segregation 4 begins, and is thereafter maintained via a fine-tuned transcriptional network (Arnold & Robertson 5 2009). By the blastocyst stage, embryos are comprised of two distinct cell lineages; namely, the 6 Inner Cell Mass (ICM), and the Trophectoderm (TE), which subsequently give rise to embryo-proper 7 and extraembryonic tissues, respectively. Hence, defective segregation of these two cell lineages 8 leads to diverse developmental defects. 9
The transcription factor TEAD4 plays critical roles in TE differentiation by activating the 10 expression of core TE regulators, such as Cdx2 in mice (Yagi et al. 2007; Nishioka et al. 2009 ). 11
Murine embryos lacking TEAD4 expression exhibit failed blastocyst development, and resultantly, a 12 loss of trophoblast stem cells (Yagi et al. 2007 ). To evaluate whether TEAD4 is similarly required for 13 bovine blastocyst formation, we previously knocked down TEAD4 transcripts using short hairpin 14 RNA (shRNA)-mediated RNA interference in preimplantation embryos (Akizawa et al. 2018). 15 TEAD4 knockdown (KD) significantly reduced the expression of important TE-expressed genes 16 such as CDX2, GATA2, and CCN2. Of these, CCN2 was most markedly suppressed; however, while 17 it has been previously shown to be essential for fetal morphogenesis by the fact that CCN2-mutant 18 5 mice die soon after birth due to severe skeletal dysmorphisms (Ivkovic et al. 2003) , its role in early 1 embryogenesis, including bovine preimplantation development, is not yet clear. Structurally, CCN2 2 is a signaling protein composed of four cysteine-rich domains, comprising an insulin-like growth 3 factor binding protein (IGFBP) domain, a von Willebrand type C (VWC) repeat, a thrombospondin 4 (TSP) repeat, and a C-terminal (CT) motif that contains a cysteine knot (Hall-Glenn & Lyons 2011). Similarly, little is known about the function of CCN2 in bovine preimplantation 12 development. Previously, we demonstrated that CCN2 KD blastocysts exhibit significantly reduced 13 TEAD4 mRNA expression, suggesting that TEAD4 and CCN2 may function together (i.e. 14 non-redundantly) to direct correct TE differentiation in bovine embryos. Interestingly, 15 immunofluorescent staining of CCN2 production at the blastocyst stage showed that CCN2 localizes 16 to both TE and ICM cells; however, TEAD4 KD-mediated CCN2 suppression occurs in the TE, but 17 not the ICM. Thus, while the underlying molecular mechanisms are not yet clear, these data suggest 18 6 that CCN2 likely plays important roles not only in bovine TE formation, but also in the overall 1 development of the bovine blastocyst, including the ICM. 2
In the present study, we first investigated CCN2 expression dynamics during bovine 3 preimplantation development via both a quantitative PCR analysis, and an immunostaining assay for 4 CCN2. We then examined the effects of CCN2 KD on the expression of pluripotency-related genes, 5 and showed that in CCN2 KD blastocysts, the expression levels of the core pluripotency related 6 transcription factors OCT4 and NANOG are significantly reduced. Taken together, these findings 7 support that CCN2 is required for proper lineage segregation in bovine blastocysts, to regulate the 8 expression of both TE-expressed, and core pluripotency-related genes. 9
MATERIALS and METHODS 1
Preparation of bovine embryos 2 Bovine oocyte retrieval, and in vitro oocyte maturation, fertilization, and subsequent in vitro 3 embryo culture were performed as previously described ( containing 2.5 mM theophylline (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and 7.5 9 μg/mL Heparin Sodium Salt (Nacalai Tesque, Inc., Kyoto, Japan). Subsequently, frozen-thawed 10 semen was centrifuged at 600 × g for 7 min in BO medium, and the isolated spermatozoa were 11 added to the COCs at a final concentration of 5 × 106 cells/mL. After 12 h of incubation, the 12 presumptive zygotes were denuded by pipetting, and cultured (8 days, at 38.5°C, in a humidified 13 atmosphere with 5% CO 2 and 5% O 2 in air) in mSOFai medium (Aono et al. 2013). A Holstein cow 14 on campus of Hokkaido University was administered 25 mg of prostaglandin F2α (Pronalgon F; 15
Schering-Plough K.K., Tokyo, Japan) 20 days prior to artificial insemination (AI) followed by 16
intravaginal indwelling of the controlled intravaginal drug release (CIDR; 1.9 g of progesterone; 17
Eazi-Breed CIDR Cattle Insert; Pfizer Animal Health, New York, NY, USA) device from 9 to 3 days 18 8 prior to AI. Estradiol benzoate (2 mg; Ovahormon, Injection; Aska Animal Health, Tokyo) was 1 simultaneously injected with CIDR insertion. From 5 to 3 days prior to AI, follicle stimulating 2 hormone (Antrin R-10; Kyoritsu Seiyaku, Tokyo, Japan) consisted of twice-daily (morning and 3 afternoon) with a decreasing dose (6, 6, 5, 5, 4, and 4 AU per injection) were administered. At the 4 fifth and sixth FSH treatments, 30 and 20 mg of prostaglandin F2α were injected, respectively. On 5 the day of AI, 200 μg of gonadotropin releasing hormone (Conceral; ASKA Pharmaceutical Co.,Ltd., 6 Tokyo, Japan) was administrated. The superstimulated cow was inseminated (day 0), and day-14 7
conceptuses were subsequently collected via non-surgical flushing in warm lactated Ringer's 8 solution (Nippon Zenyaku Kogyo Co.,Ltd, Fukushima, Japan). 9
10 Quantitative Reverse-Transcription PCR 11
The total RNA from five oocytes or embryos per biological replicate was isolated using the 12
ReliaPrep RNA Cell Miniprep System (Promega, Fitchburg, WI, USA), according to the 13 manufacturer's instructions. cDNA was then synthesized from the oocyte/embryo RNA using 14 ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka, Japan). Quantitative PCR (qPCR) was 15 performed using THUNDERBIRD SYBR qPCR Mix (Toyobo), and the specified primers 16 (Supplemental Table S1 ). The utilized thermal cycling conditions consisted of one cycle of 95°C for 17 30 s (denaturation), followed by 50 cycles of 95°C for 10 s (denaturation), the appropriate annealing 18 9 temperature for each primer set for 15 s (primer annealing), and 72°C for 30 s (extension). Relative 1 mRNA abundance was calculated using the ΔΔCt method, where H2A histone family member Z 2 (H2AFZ) was used as a reference gene for each sample. All experiments were performed in 3 triplicate. Twelve hours after insemination, the synthesized shRNA-expression constructs (diluted to a final 13 concentration of 10 ng/mL with mSOFai medium) were injected into denuded presumptive zygotes 14 using a FemtoJet injection device (Eppendorf, Hamburg, Germany). These presumptive zygotes 15
were then cultured to the blastocyst stage to examine the effect of CCN2 KD on the expression of 16 pluripotency-related genes. 17
18

Statistical analysis 1
In the result of CCN2 mRNA expression dynamics (Fig. 1A) , data were statistically analyzed 2 using a one-way analysis of variance followed by Tukey's multiple comparison test. Excluding Fig.  3 1A, significant differences were compared using Student's t test. Statistical analyses were conducted 4 using StatView statistical-analysis software (Abacus Concepts, Inc., Berkeley, CA, USA). A P value 5 < 0.05 was considered to indicate statistical significance. 6 RESULTS 1
CCN2 mRNA expression levels during preimplantation development 2
The conducted qPCR analysis of CCN2 mRNA expression dynamics in bovine oocytes and 3 embryos detected CCN2 mRNA at all of the examined stages, (i.e. metaphase MII oocytes, and 2-, 4-, 4 8-, 16-, morula, and blastocyst-stage embryos) ( Fig. 1A) . Notably, CCN2 expression significantly 5 decreased between the 16-cell and the blastocyst stages of development (P < 0.05) ( Fig. 1A) . Next, 6 elongating embryos were collected from cows at day 14 after artificial insemination via uterine 7 flushing, to investigate CCN2 mRNA expression after the blastocyst stage. The results of this 8 analysis revealed that CCN2 expression levels in the elongating conceptuses was significantly 9 increased compared to that observed in blastocyst-stage embryos (P < 0.05) (Fig. 1B) . 10 11 Subcellular CCN2 protein localization patterns during preimplantation development 12
Next, immunostaining was performed to visualize and evaluate the subcellular localization 13 of CCN2 during early bovine embryogenesis. As for CCN2 mRNA expression, CCN2 was detected 14 at all of the examined stages (Fig. 2) , and shown to consistently localize to both the cytoplasm and 15 nucleus of each blastomere from the 2-cell to the blastocyst stage (Fig. 2) . Notably, at the blastocyst 16 stage, the CCN2 fluorescent signals appeared strongest in the nucleus. 17 18 13
Effects of CCN2 mRNA suppression on the expression of pluripotency-related genes in blastocysts 1
We previously constructed a CCN2 KD system in bovine embryos (Akizawa et al. 2018) , 2 which demonstrated that CCN2 KD is sufficient to disrupt the expression patterns of primary 3 TE-expressed genes, such as CDX2, GATA2, and TEAD4. Since CCN2 was found in the present 4 study to be ubiquitously (i.e. in both the ICM and TE) expressed throughout the analyzed embryos 5 (Fig. 2) , we evaluated the effects of CCN2 KD on the blastocyst expression of pluripotency-related 6 genes. The results of this analysis showed that the expression of both OCT4, (which is normally 7 detected uniformly in both ICM and TE blastomeres), and NANOG, (which is predominantly 8 expressed in ICM blastomeres), were significantly decreased in CCN2 KD blastocysts (P < 0.05) 9 ( Fig. 3) . These factors are known to be required for ICM-cell self-renewal and pluripotency in both Firstly, we revealed that CCN2 mRNA is detectable throughout early bovine embryogenesis. 10 
